The pore properties of human nociceptor channel TRPA1 evaluated in single channel recordings  by Bobkov, Y.V. et al.
Biochimica et Biophysica Acta 1808 (2011) 1120–1128
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamemThe pore properties of human nociceptor channel TRPA1 evaluated in single
channel recordings
Y.V. Bobkov a,⁎, E.A. Corey a, B.W. Ache a,b
a Whitney Laboratory, Center for Smell and Taste, and McKnight Brain Institute, St. Augustine, FL, USA
b Departments of Biology and Neuroscience, University of Florida, Gainesville, FL 32610, USA⁎ Corresponding author. TheWhitney Laboratory for M
Florida, 9505 Ocean Shore Boulevard, St. Augustine, FL
4035; fax: +1 904 461 4008.
E-mail address: bobkov@whitney.uﬂ.edu (Y.V. Bobk
0005-2736/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.bbamem.2010.12.024a b s t r a c ta r t i c l e i n f oArticle history:
Received 27 July 2010
Received in revised form 14 December 2010
Accepted 23 December 2010
Available online 29 December 2010
Keywords:
Human TRPA channel
Ionic permeability
Selectivity
Channel pore diameterTRPA channels detect stimuli of different sensory modalities, including a broad spectrum of chemosensory
stimuli, noxious stimuli associated with tissue damage and inﬂammation, mechanical stimuli, and thermal
stimuli. Despite a growing understanding of potential modulators, agonists, and antagonists for these
channels, the exact mechanisms of channel regulation and activation remain mostly unknown or
controversial and widely debated. Relatively little is also known about the basic biophysical parameters of
both native and heterologously expressed TRPA channels. Here we use conventional single channel inside-out
and outside-out patch recording from the human TRPA1 channel transiently expressed in human embryonic
kidney 293T cells to characterize the selectivity of the channel for inorganic mono-/divalent and organic
monovalent cations in the presence of allylisothiocyanate (AITC). We show the relative permeability of the
hTRPA1 channel to inorganic cations to be:
Ca2 + 5:1ð Þ N Ba2 + 3:5ð Þ N Mg2 + 2:8ð Þ N NHþ4 1:5ð Þ N Liþ 1:2ð Þ N Naþ 1:0ð Þ≥ Kþ 0:98ð Þ≥ Rbþ 0:98ð Þ N Csþ 0:95ð Þ;
and to organic cations:Na+(1.0)≥dimethylamine (0.99)N trimethylamine (0.7)N tetramethylammonium
(0.4)NN-methyl-D-glucamine (0.1). Activation of the hTRPA1 channels by AITC appears to recruit the
channels to a conformational state with an increased permeability to large organic cations. The pore of the
channels in this state can be characterized as dilated by approximately 1–2.5 Å. These ﬁndings provide
important insight into the basic fundamental properties and function of TRPA1 channels in general and
human TRPA1 channel in particular.arine Bioscience, University of
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There is striking similarity in the functional role of TRPA channel
orthologues between evolutionary diverse species (e.g. [1,2]). Abun-
dantly expressed in the somatosensory system, including in trigeminal
neurons,mammalianTRPAchannelsdetect and integratenoxious stimuli
of different sensory modalities including mechanical [3,4], and thermal
[3,5]. TRPA channels also function as broad spectrum “alarm” chemore-
ceptor channels, signaling potentially harmful exposure to irritants and
pungent compounds [6]. The growing list of chemical stimuli activating
the channel includes isothiocyanates [7]; thiosulﬁnates [8]; acrolein
[1,3]; cinnamaldehyde derivatives, eugenol, methyl salicylate, gingerol
[9]; nicotine [10]; thymol and related alkyl phenols [11], as well as
multiple products of oxidative stress [12,13]. TRPA channels can be also
activatedby intracellular calcium [14–16] andare subject to regulationbyphosphoinositides [17,18], suggesting that the activity of the channels
could be also under control of GPCR-mediated signaling [7,9,19].
Despite numerous studies of TRPA channels since their ﬁrst
molecular and functional identiﬁcation [20,21,7] and the impressive
number of known or suspected agonists and antagonists, the exact
mechanisms of channel regulation are still unclear, and in many cases
controversial and widely debated. For example, there is currently no
general consensus on the role of phosphoinositides in modulating
channel activity [17,18], on the site(s) of calcium binding [14,16], on the
proton dependent modiﬁcation of channel gating ([22,23]) or on the
extent to which these channels contribute to thermo sensation [21,15].
Moreover, relatively little is known about the basic biophysical
parameters of both native and heterologously expressed TRPA channels.
Relative scattered data on TRPA channel selectivity provide divergent
estimates of cationpermeability; e.g., estimates for thepermeability ratio
for calcium ions (PCa2+/PNa+ ) range from 0.84 [21], to ~3–4 [16], to 5.71 or
7.91, for basal and agonist-induced channel activity respectively [24].
Here, we use transient expression of the human TRPA1 (hTRPA1)
channel in human embryonic kidney 293T (HEK293T) cells and
conventional single channel inside-out and outside-out patch
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channel to mono- and divalent cations. We show that the channel is
activated by intracellular calcium with [Ca2+]1/2 of 6 μM and a
cooperativity coefﬁcient h=0.9 and that ruthenium red (RR) inhibits
the hTRPA1 channel with IC50~1.8 μM and Hill coefﬁcient h~1.8. We
show the relative permeability of the hTRPA1 channel in the presence
of AITC to be:
Ca2+ (5.1)NBa2+ (3.5)NMg2+ (2.8)NNH4+ (1.5)NLi+ (1.2)NNa+
(1.0)≥K+ (0.98)≥Rb+ (0.98)NCs+ (0.95).
Based on the relative permeability of the channels to monovalent
organic cations of different sizes (dimethylamine, trimethylamine,
tetramethylammonium, N-methyl-D-glucamine, tetraethylammo-
nium), we estimate the apparent minimal diameter of the channel
pore to be approximately 7.4 Å.
Activation of the hTRPA1 channels by AITC appears to recruit them
to a conformational state that has an increased permeability to large
organic cations. The pore of the channels in this state can be
characterized as dilated by approximately 1–2.5 Å.
Our ﬁndings characterize and reﬁne the basic parameters of
hTRPA1 channels, providing further insight into the function of TRPA1
channels and their important roles in primary sensory transduction.
2. Materials and methods
2.1. Heterologous expression and transient transfection
HEK293T cells were grown in HEK media [Dulbecco's modiﬁed
Eagle's medium containing 10% fetal bovine serum (MP Biomedicals,
Solon, OH, USA), 2 mm L-glutamine, and 100 μg/ml penicillin/strep-
tomycin (Invitrogen, Carlsbad, CA, USA)] at 37 °C with 5% CO2. The
hTRPA1 channel was transiently expressed in the cells from the
recombinant expression plasmid pcDNA5-FRT carrying the entire
protein coding region for hTRPA1 described by Doerner et al. [14].
Semi-conﬂuent HEK293T cells in 35-mm dishes were transiently co-
transfected with pcDNA5-FRT/ hTRPA1 and a separate plasmid
(pXoon) carrying the coding sequence for green ﬂuorescent protein
(GFP) using 1 μg of each plasmid DNA and 6 μl Fugene 6 transfection
reagent (Roche Applied Science, Indianapolis, IN, USA) following the
manufacturer's protocol. At 24–48 h post-transfection, the cells were
gently lifted from the dishes using 2 mM EDTA in phosphate-buffered
saline, washed with HEK media, re-plated as individual cells/small
clusters in HEK media without antibiotics on 35-mm plates, and
allowed to recover for at least 2 h prior to electrophysiology.
2.2. Electrophysiology and data analysis
hTRPA1 channel activity was investigated using inside-out and
outside-out patch clamp recordings. The channel unitary currents
were measured with an 200B patch clamp ampliﬁer (Molecular
Devices, Sunnyvale, CA, USA) and a digital interface (Digidata 1320A,
Molecular Devices, Sunnyvale, CA, USA), lowpass ﬁltered at 5–10 kHz,
sampled at 2–20 kHz and in most cases digitally ﬁltered at 1–1.4 kHz.
Analysis of the data was carried out using pCLAMP 9.2 software
(Molecular Devices, Sunnyvale, CA, USA) and SigmaPlot 10 (Systat
Software Inc., San Jose, CA, USA). Channel activity was investigated at
a holding potential of −50/+50 mV unless otherwise speciﬁed. The
polarity of the currents/voltages is presented relative to intracellular
membrane surface, in spite of the membrane patch conﬁguration.
Appropriate corrections for liquid junction potentials were made
when necessary. Patch pipettes were fabricated from borosilicate
capillary glass (BF150-86-10, Sutter Instrument, CA, USA) using a
Flaming–Brown micropipette puller (P-87, Sutter Instrument, CA,
USA). The ﬁre polished patch pipette had a resistance 2.4–9 MOhm(5.1±0.01) when ﬁlled with standard NaCl 140 mM. Only patches
with seal resistance estimated higher 1 GOhms were used in the
experiments.
Bath solution change was performed using a rapid solution
changer with a modiﬁed tube holder, RSC-160 (Bio-Logic, Science
Instruments, Claix, France). Data were recorded under continuous
perfusion with the solution of interest, with different solutions
applied in random order.
GFP positive HEK293T cells were visualized using an Axiovert 100
inverted microscope (Carl Zeiss, Inc., Germany) equipped with an
mercury vapor compressed-arc lamp (HBO100) coupled to wideﬁeld
ﬂuorescence ﬁlter set (1114-459, Zeiss). The sample illumination time
did not exceed 20 s, to minimize the possible effects of short
wavelength light on the channel activity [13].
Following modiﬁcation of the Hill equation was used to ﬁt the
experimental data for calcium dependent channel activation,
P = Pmax Ca
2+
h ih = Ca2+
h i
1=2h + Ca2+½ h
 
ð1Þ
and for ruthenium red (RR) dependent channel inhibition,
P = 1−Pmax RR½ h = RR½ h1=2 + RR½ h
 
ð2Þ
where Ps are the normalized PoN values, [X] is the agonist/antagonist
concentration, [X]1/2 is the half-effective concentration, and h is the
cooperativity coefﬁcient.
Patch current–voltage characteristics were generated using series
of 15-ms step at−100 mV followed by a 150-ms voltage ramp (linear
change in voltage ~0.67 mV/ms) from −100 mV to +100 mV were
applied from a holding potential of −50 mV (Fig. 1A). The interval
between sweep starts was 1 s. Polarity of the protocol was changed
respectively whenever holding potential was +50 mV. In order to
determine reversal potentials of unitary currents we typically used
the following procedure provided by pCLAMP software: series of
current traces (50–200 patch I–V curves) were averaged and the
standard deviation (SD) for each point in the average current trace
was calculated; the position of the minimum of the resulting SD curve
along the voltage axis would correspond to a reversal potential value
at given ionic conditions (Fig. 1A). The approach appeared to be quite
effective considering little voltage dependence of the channel gating
parameters (e.g. Figs. 1A and 2A). Current level shifts (S) produced by
voltage ramp application and proportional to the magnitude CdV/dt
(Fig. 1A) were not compensated unless noted otherwise.
The permeability ratios of monovalent cations X+ relative to Na+
(PX/PNa) was estimated based on the shift of the reversal potential (Er)
upon exchanging the intracellular/extracellular Na+(140 mM) with
an solution containing an equivalent concentration of test cation X+
(see solutions) by using the Goldman–Hodgkin–Katz potential
equation [25],
Er;X−Er;Na = RT= Fð Þln PNa Naþ
h i
o
= PX X
þh i
i
 
ð3Þ
Estimation of the permeability ratios of divalent cations Y2+
(70 mM) relative to Na+ (140 mM) (PY/PNa) was based on the shift of
the Er and calculated by using the equation [25],
PY Y
2+
h i
o
= PNa Na
þh i
i
= exp E rF = RTð Þ exp E rF = RTð Þ + 1½ = 4 ð4Þ
Appropriate corrections into the equations were introduced to
take into account the patch clamp recording conﬁguration. Glucose
70 mM was added to all Y2+ containing solutions to keep identical
osmolarity (see solutions).
There is signiﬁcant variety in published molecular diameter
estimates. While this is not surprising given the nature of the
Fig. 1. (A) Patch current–voltage characteristics and reversal potential estimate. Patch
current–voltage characteristics (top graph, 25 black lines, two individual traces shown
in grey) were generated using series of 15-ms step at−100 mV followed by a 150-ms
voltage ramp (linear change in voltage ~0.67 mV/ms) from −100 mV to +100 mV
were applied from a holding potential of −50 mV (diagram). The interval between
sweep starts was 1 s. Polarity of the protocol was changed respectively whenever the
holding potential was +50 mV. In order to determine the reversal potentials of unitary
currents we typically used the following procedure: series of current traces (50-200
patch I–V curves) were averaged (white line) and the standard deviation (SD) for each
point in the average current trace was calculated (red lines); the position of the
minimum of the resulting SD curve along the voltage axis corresponds to a reversal
potential value at given ionic conditions. Both red lines are the same SD of the average
current function. One is scaled separately (right-hand axis) to better visualize the
position of the minimum of the function. Note, absolute current values cannot be used
to determine Vr s. Fifteen-millisecond step preceding voltage ramp allows visualization
of the current level shifts (S) produced by voltage ramp applications and is proportional
to the uncompensated capacitance of the recording conﬁguration and voltage ramp
speed (CdV/dt). Experimental conditions: outside-out patch recording; symmetrical
NaCl140 solution. (B) 3-D space-ﬁlling model representation of an NMDG molecule.
Dimensions of the smallest box encompassing the molecule are 5.5 Å × 6.0 Å × 11.7 Å.
6.0 Å was estimated as the smallest NMDG molecule diameter. Molecular size estimate
of NMDGwas determined by the “smallest box enclosing solute” procedure provided by
HyperChem 8.0 software (Hypercube, Inc., Gainesville, FL, USA; http://www.hyper.
com).
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source of the estimates or how they were calculated. In this report,
we determined the diameter of organic cations using standard
algorithms of commonly available software rather than relying on
undocumented estimates. The dimensions of Van der Waals radii
scaled and energy optimized molecular models of organic cations
were estimated using “smallest box enclosing solute” procedure
provided by HyperChem 8.0 software (Hypercube, Inc., Gainesville,
FL, USA; http://www.hyper.com). For example, based on the
molecular structure of N-methyl-D-glucamine (NMDG, Fig. 1B), the
smallest diameter of the molecule is estimated to be 6 Å. Overall,
themolecular dimension estimates of the organic cations used in this
report are consistent with the estimates provided by B.Hille (see e.g.
[26]; D1xD2xD3,Å): dimethylamine (DiMA, 3.4 × 3.9 × 5.6);trimethylamine (TriMA, 3.4 × 5.3 × 5.8); tetramethylammonium
(TetMA, 5.5 × 5.6 × 5.7); N-methyl-D-glucamine (NMDG, 5.5 × 6 ×
11.7); tetraethylammonium (TEA, 5.8 × 6.8 × 8.1).
The channel pore diameter was estimated using the logarithmic
form of the conventional excluded volume equation [27,25],
lgPX = PNa = lg k 1−a=dð Þ2 = a
n o
ð5Þ
where a is a diameter of charge carrier, and d is the channel pore
diameter estimate.
Single channel current amplitudes were obtained from the multi-
order Gauss distribution ﬁtting of the appropriate all-points current
histograms. The data are presented as themean±SE of n observations.
All recordings were performed at room temperature (~20–21 °C).
2.3. Solutions and chemicals
The standard Na 140 mM solution contained (mM): 140 NaCl; 1–2
EGTA; 10 Hepes. Inorganic monovalent cation solutions contained
equimolar concentration of chlorides of respective cations (mM): KCl
140; LiCl 140; RbCl 140; CsCl 140; NH4Cl 140. Divalent cation solutions
contained 70 mM CaCl2, MgCl2 or BaCl2; 70 mM glucose and no EGTA
added. Solutions of different organic cation concentrations were
prepared by appropriate substitution of [Na+] for [Organic Cation+] as
noted. Following cationswere used asmonovalent organic cations (all –
Cl−-salts): dimethylamine; trimethylamine; tetramethylammonium;
N-methyl-D-glucamine; tetraethylammonium.
Solutions with different Ca2+ concentrations contained 1 mM EGTA
and corresponding amount of Ca2+. The free Ca2+ concentration was
estimated using WebmaxC v.2.20 (http://www.stanford.edu/~cpatton/
webmaxcS.htm). Solutions containing more than 10 μM Ca2+/Mg2+
were prepared without chelating agents. Ruthenium red (RR) and
allylisothiocyanate (AITC)were prepared as stock solutions of 50 mM in
water and 200 mM in DMSO respectively prior their dilution to the
working concentrations. The pHof solutionswas adjustedwithNaOHor
Trizma base (Sigma-Aldrich, St. Louis, MO, USA) to 7.3–7.4.
All inorganic salts were purchased from Fisher Scientiﬁc (Pitts-
burgh, PA, USA), except for RbCl, CsCl and NH4Cl, which were
purchased from Sigma-Aldrich. All organic compounds were obtained
from Sigma-Aldrich except for dextrose (D-glucose) obtained from
Fisher Scientiﬁc, and DiMA and TriMA obtained from Acros Organics
USA (Morris Plains, NJ, USA).
3. Results and discussion
3.1. Basic physiological and pharmacological characterization of hTRPA1
channels
The hTRPA1 channel was heterologously expressed in HEK293T
cells. A plasmid carrying the GFP gene was co-transfected to ease the
identiﬁcation of cells expressing the channel. We ﬁrst performed
physiological and pharmacological tests to establish the channel
identity and functionality. All GFP positive cells possessed
channels with properties consistent with those reported for TRPA1
channel. The channel was characterized by a relatively high single
channel conductance of −173±2pS, as determined in symmetrical
140 mM NaCl, n=41, (Fig. 2, single channel recordings); systemat-
ically occurring subconductance states with dominant levels of 63pS
and 124pS, obtained by a second order Gaussian ﬁt to the distribution
of themean subconductance level values (determined for 75 patches).
It shows a slight voltage dependence of channel gating in cell-free
patch clamp preparations (e.g. Fig. 2A and B, left panels). And ﬁnally,
the channel recorded in cell-free membrane patches exhibited
profound gradual loss in activity (rundown), possibly a consequence
of the loss of intracellular soluble factor(s) that are required for
Fig. 2. Basic pharmacological properties of heterologously expressed hTRPA1 channel. (A) Activation of the hTRPA1 channel by increasing intracellular calcium concentrations in
multi- (left) and single (middle) channel recordings. Note, despite great variability in calcium sensitivity of different membrane patches (n=9, right panel, empty circles), the
summary parameters of [Ca2+] dependence of the channel activity (grey circles) are basically consistent with those reported earlier. Experimental data were ﬁt by Hill equation with
following parameters: [Ca2+]1/2=6.2 μM; h=0.95 (smooth grey line). Inset, the average currents at−70 and 100 mV show little if any reduction of channel activity during the time
course of an experiment. Experimental conditions for A: inside-out patch recording; holding potential –−50 mV; electrode solution – standard NaCl 140 mM; perfusion solution –
NaCl 140 mM containing the different [Ca2+]free. (B) Inhibition of hTRPA1 channel activity by ruthenium red (RR) applied from cytoplasmic side of membrane patch in multi- (left)
and single (middle) channel recordings. Note, the RR effects were considerably voltage dependent (compare black ramp series with control ones, left panel). Right panel – summary
dependence of the channel activity from [RR]. Empty circles – experimental data. Smooth black line is the result of approximation of mean values (black circles) by modiﬁed Hill
equation with following parameters: IC50=1.8 μM, h=1.8, n=5. A, B, left graphs – 20 current–voltage characteristics (IV curves, “ramps”) are shown for every experimental
condition. Data were not ﬁltered. Current level shift produced by voltage ramp application was compensated ofﬂine. A, B, middle panels – c marks closed states. Experimental
conditions: inside-out patch recording; holding potential – −50 mV; electrode solution: NaCl 140 mM, Hepes 10 mM, CaCl2 1 μM.
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Fig. 5). The rundown kinetics greatly varied between different patches
and were dependent on the recording conﬁguration, the presence of
divalent cations, and chelator concentration, as well as on the
presence of TRPA1 channel ligands. For the analysis of agonist/
antagonist concentration dependence described below we did not
attempt to control the channel rundown. Instead, we selected patches
with channels that reached steady-state activity levels and exhibited
little if any reduction of activity during the time course of an
experiment (e.g. Fig. 2A, inset).
TRPA channels in general and the hTRPA1 channel in particular
appear to be directly gated by intracellular calcium, although the exact
mechanism and possible role of other factors, such as voltage or
extracellular calcium concentration, in determining calcium–channel
interaction require further analysis. In our experiments, elevation in
cytoplasmic calcium concentration characteristically reversibly in-
creased the channel open probability in 54 out of 60 patches (Fig. 2A).
Despite considerable variability in the calcium effect among different
patches (n=9, Fig. 2A, right panel, empty circles), the resulting
dependence of normalized NPo values from the calcium concentration
(Fig. 2A, right panel, grey circles) yields a half maximal calcium
concentration [Ca2+]1/2 of 6 μMwith a cooperativity coefﬁcient h=0.9.
These parameters are consistent with the data obtained in whole cell
experiments ([Ca2+]1/2=0.9 μM, h=0.9, [14]; [Ca2+]1/2=6 μM, [15]).
However, in the presence of polyphosphates TRPA1 channels appear to
be more sensitive to intracellular calcium, with a half maximal
activation constant [Ca2+]1/2=225 nM and h=1.83 [16].Another characteristic property of TRPA1 channels is their sensitiv-
ity to ruthenium red (RR). Despite its apparent lack of selectivity,
especially at micromolar levels, RR is commonly used to antagonize
TRPA1 channels (e.g. [21,2]). In our experiments, RR applied extracel-
lularly or from cytoplasmic side of the membrane patches blocked the
channels in a concentration dependentmanner (Fig. 2B). The RR effects
were reversible and clearly voltage dependent, with greater effects at
positive voltages (Fig. 2B, left panel). As shown for a typical single
channel inside-out recording (Fig. 2B, middle panel, holding potential,
−50 mV; symmetrical NaCl 140 mM with 1 μM [Ca2+]o and 100 μM
[Ca2+]i), RR decreased the open channel probability, Po, from 0.8 to 0.2,
reducing the dwell-time for the channel in the open state from 6.3 to
0.8 ms. The ﬂickery channel gating (fast channel transitions between
open and closed channel stages) we observed in the presence of RR
appears to be a common characteristic of RR–channel interaction (e.g.
[30,31]). Overall, as determined for 5 inside-out patch recordings at
+50 mV, RR inhibits the hTRPA1 channel with IC50~1.8 μM and Hill
coefﬁcient h~1.8.
Although we did not pursue it in detail, the channel exhibited a
relatively high level of spontaneous activity even without agonists in
the cell-attached patch clamp recordingmode. This activity correlated
with the time of illumination of the samples with the light used to
detect GFP positive HEK293T cells (see Materials and methods for
light source and ﬁlter set speciﬁcations) and could be at least partially
attributed to activity of the channels due to free radical molecules
formed by the exposure of cells, and even cell-free membrane
patches, to short wavelength light ([13], Fig. 5B). Under the given
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membrane patches excised from non-transfected HEK cells did not
activate any endogenous channels (n=21), indicating that the
calcium dependent channel activity analyzed in our experiments
can be attributed exclusively to the heterologously expressed hTRPA1
channels.
Overall these results suggest that basic properties of the human
channels studied here are similar to those reported for other TRPA
channels.
3.2. Estimation of hTRPA1 channel selectivity
Measurement of the selectivity of ion channels using single
channel recording provides a number of advantages over experiments
based on whole cell recordings. Speciﬁcally, single channel recordings
allow better voltage control, leakage current control, control over
possible activation of other channel types, and ionic gradient control.
It also can reveal subtle effects of the ion environment on the
parameters of channel gating and channel conductance, and shifts in-10
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the Vr obtained, then Na+ was replaced by respective cations (VrX).
VrNa
+ was used as a reference point for every individual patch. ΔVrXs
were averaged for all patches. The ΔVrX means were then used to
calculate the permeability ratios (PX
+/PNa+ or PY2+/PNa
+ for divalent
cations). Overall, we obtained the followingΔVrXs (mean±SE, number
of patches tested):ΔVrCa2+=−25.5±1.26, n=11;ΔVrMg2+=−16.5±
1.2, n=13; ΔVrBa2+=−19.9±1.5, n=8; ΔVrK+=0.44±0.35, n=14;
ΔVrCs+=1.22±0.14, n=9; ΔVrLi+=−5.83±0.49, n=6; ΔVrRb+=
0.46±0.23, n=11; ΔVrNH4+=10.1±0.5, n=14. Data for ΔVrNH4+
were collected using outside-out patches. Corresponding changes
were introduced into equation 3 and 4 to account for the patch
recording conﬁguration. Comparison of ΔVrXs yields statistically
signiﬁcant differences (pb0.05) between all ΔVrs except for ΔVrK+
vs ΔVrRb+ (p=0.09) and ΔVrMg2+ vs ΔVrBa2+ (p=0.09). Possible
alterations in the channel gating parameters induced by different
cations were not analyzed. All changes of the single channel
conductances and Vrs were reversible.
Overall the permeability ratio sequence for inorganic mono- (PX
+/
PNa
+ ), including ammonium and divalent (P Y2+ /PNa+ ) cations was:
Ca2+ (5.1)NBa2+ (3.5)NMg2+ (2.8)NNH4+ (1.5)NLi+ (1.26)NNa+
(1.0)≥K+ (0.98)≥Rb+ (0.98)NCs+ (0.95).
While the sequence indicates somewhat low selectivity among
cations, it is generally consistent with selectivity sequences reported
for a variety of different nonselective cation channels permeable to
both mono- and divalent cations (e.g. [25,32,33]).3.3. Probing the hTRPA1 channel pore with monovalent organic cations
To determine the minimal apparent pore diameter of the hTRPA1
channel we used the standard approach based on the measurement of
channel permeability in the presence of different size cations as charge
carriers [27]. Such cations typically include organic monovalent cations
(with minimal molecular diameter estimate, Å) dimethylamine (DiMA,
3.9); trimethylamine (TriMA, 5.3); tetramethylammonium (TetMA,
5.6); N-methyl-D-glucamine (NMDG, 6.0); tetraethylammonium (TEA,
6.8) and ammonium (NH4, 3.1). The experimental paradigm described
above for inorganic cations was also used to calculate the ΔVrX+s for
organic cations. The experiments were performed using outside-out
patch recordings with Na140-ﬁlled patch electrode solution. Every
patch was initially exposed to Na140 followed by application of a series
of solutions with different concentrations of various types of organic
cations (Fig. 4A and C). Patch I–V curves (50–200) were generated for
every ionic condition (Fig. 4A). VrX+s were estimated based on the
position of the minimum of the averaged current SD curves along the
voltage axis (Fig. 4A, parabolic shape lines). ΔVrX+ mean values plotted
against concentrations of different cation species (Fig. 4C) clearly
indicate that even relatively large organic cations, including NMDG,
have partial permeability in these experimental conditions.
Despite thegreatly reduced inward component of thepatch current–
voltage characteristics in the presence of NMDG140 (Fig. 4A and B),
relatively rare channel-like events with unitary amplitude ~−1.4pA (as
determined at −100 mV) could be observed. These unitary currents
reversed at approximately−52 mV and were taken as hTRPA1 channel
openings since they could be completely blocked by RR (10 μM, Fig. 4B).
The noticeable reduction in open channel probability suggests that
perhaps a partial NMDG+ dependent channel block occurred at least at
the highest concentrations of NMDG+. Overall, the reduction in single
channel current amplitude correlatedwith the dimensions of the cation
molecules (Fig. 4D, measured at −100 mV and 140 mM of respective
cation, pA): NH4,−18.6±1.7, n=4; DiMA,−13.5±0.7, n=6; TriMA,
−7.2±0.3, n=4; TetMA, −4.7±0.5, n=4; NMDG, −1.4±0.1, n=5;
TEA, undetectable, n=3. With the concentration of TEA140 tested, theinward component of the unitary channel current was undetectable,
suggesting that the Vr of the channel current possibly carried by TEA, if
any, is below−100 mV. To quantify and include TEA related data into
analysis,−100 mV was taken as VrTEA.
We next used theΔVrX+s estimated in the presence of 140 mM of a
given cation to calculate relative permeabilities based on Eq. (3). The
resulting values of permeability ratios (PNH4/PNa=1.49; PDiMA /
PNa=0.99; PTriMA/PNa=0.7; PTetMA/PNa=0.4; PNMDG/PNa=0.1; PTEA /
PNa=0.02) were approximated using the excluded volume equation
(5, see Materials and methods, Fig. 5C, black symbols and line). The
truncated part of the function is shown for clarity. The position of the
minimum of the function indicates the minimum diameter of the
channel pore, which we calculate to be ~7.4 Å. The estimation based
on mean diameter values obtained as the cube root of molecular
volume {(D1*D2*D3)1/3}, excluding TEA, yields ~10.6 Å respectively
(Fig. 5C, grey symbols and line).
Asmentioned above TRPA1 channels exhibit a gradual reduction in
activity even in the presence of the channel agonists. This dynamic
process can be characterized by a decrease of open channel
probability and was not accompanied by noticeable changes in
channel pore properties such as single channel amplitude or reversal
potential shifts at any given ion condition during the course of an
experiment. The observed changes in the unitary current amplitudes
and the Vrs at any given ion condition were reversible.
3.4. Ligand induced change of the channel organic cation permeability
proﬁle
TRPA1 channels have been recently reported to undergo agonist-
induced pore dilation accompanied by changes in cation permeation
through the channel pore [34,24,35] in a manner similar to the
dynamic selectivity phenomenon suggested for ATP-gated P2X
channels [36,37], TRPV1 channels [38], as well as some other channel
types (for review: [39]). Since the recording pipette in our experi-
ments contained AITC, the channel parameter estimates reported
above apparently characterize the channel in its dilated form. In order
to directly determine whether the channels demonstrate dynamic
pore properties we compared parameters of the channels at rest
conditions and after activation by AITC and UV light. The experiments
were performed using outside-out patch recordings. The recording
pipettes were ﬁlled with Na 140 mM standard patch solution+Na-
tripolyphosphate 0.5 mM to avoid the channel activity rundown.
Every patch was initially exposed to Na140 followed by application of
NMDG140 and NMDG140+AITC 50–100 μM or NMDG140 and
NMDG140+UV light exposure. Patch I–V curves (50–200) were
generated for each of these described conditions (Fig. 5A and B). VrX+s
were estimated as described above based on the position of the
minimums of the averaged current SD curves along the voltage axis
(Fig. 5A and B, parabolic shape lines). As can be seen for two
representative patch recordings, in the control conditions the
channels are characterized by relatively low channel activity. The
channel currents reversed at approximately 0 mV when the patches
were exposed to symmetrical NaCl 140 solution. Replacement
NaCl140 with NMDG140 almost completely eliminated the channel
inward current component possibly suggesting that VrNMDG lies
beyond voltage range tested (Fig. 5A and B, left panels). However,
to quantify and include these data in our analysis, −100 mV was
estimated as VrNMDG in control conditions.
The ΔVrX+s estimated in the presence of 140 mM of NMDG, DiMA
and TetraMA were used to calculate relative permeabilities of these
cations. TriMA was excluded from the experiments since we found
that it could potentially serve as a hTRPA1 channel agonist at least at a
concentration of 140 mM. The permeability ratios (PDiMA/PNa=0.97;
PTetMA/PNa=0.12; PNMDG/PNa=0.02) were then approximated using
equation 5 as described above. The estimation of the minimum
diameter of the channel pore based on minimum and mean
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(Fig. 5C, top). After activation of the channels (Fig. 5A and B, middle
panels), VrNMDG could be clearly determined (Fig. 5A and B, right
panels) and was estimated to be−48.3 mV for the patch and−46.3
±2.9 mV on average (n=7, AITC application) and −51 mV for the
patch and−49±1 mV on average (n=3, UV light exposure). These
data are in good agreement with the VrNMDG value (52±2.3 mV,
n=7) obtained in the experiments described above. Thus overall
comparison of the organic cation permeability ratios obtained in
control conditions and in the presence of AITC suggests that hTRPA1
channels indeed undergo some rearrangements that alter the
organic cation permeability proﬁle of the channel pore. According
our data AITC induced minimal channel pore diameter increases
from ~6.5/8.2 to ~7.4/10.6 Å (based on minimum cation diameter/
mean cation diameter estimates, Fig. 5C, top graph vs. bottom
graph). UV light also induced a shift in VrNMDG, suggesting that the
same rearrangements may accompany channel activation by other
ligands in similar experimental conditions.
In a recent paper, Karashima et al. [24] also using whole cell patch
clamp recording, demonstrated that mouse TRPA1 channels can bepermeable to a number of organic cations, including NMDG and
predicted a “non-stimulated” (basal) channel pore diameter of ~11 Å
and mustard oil activated pore diameter of ~13.8 Å. Interestingly, a
pore of that diameter would potentially accommodate a countless
variety of biologically active molecules (e.g. ATP, 7.6 × 8.8 × 16.3 Å;
RR, 6.1 × 7.3 × 11.7 Å). The considerable difference between the
TRPA1 channel pore diameter approximations of our study and
Karashima et al. [24] can potentially be explained by a number of
different factors, but is likely primarily due to the differences in the
estimated molecular dimensions of cations used for the calculations.
The NMDGmolecular diameter, for example, used by Karashima et al.
[24] was 9 Å and used here was 6 Å. Indeed, a calculation combining
the molecular dimensions from Karashima et al. [24] with the
permeability ratios obtained in our experiments yields an apparent
channel pore diameter of ~10.7 and ~14 Å for “non-stimulated” and
AITC activated channel respectively. This close match suggests that
there may be common mechanisms controlling dynamic selectivity
ﬁlters of both mouse and human versions of TRPA1 channel despite
the fact that the channels share only approximately 80% amino acid
sequence identity, including within regions of the predicted pore
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in their properties (e.g. [40,41]).
It has been shown that TRPA1 channel activation promotes
permeabilization of the cell membrane to large organic compounds
such as the ﬂuorescent tracers YO-PRO [34,35] and FM1-43 [24] (with
the approximate molecular dimensions, mean diameter, Å, 8.7 × 7.2 ×
17.8, 10.4 and 7.5 × 2.5 × 25.2, 7.8 respectively). The mechanism that
mediates this phenomenon maybe similar to that of P2X7 receptor
stimulated dye uptake ([42,36,43]), which remains unclear. While
some reports postulate direct involvement of channel pores in the
transport of these high molecular weight ions ([44,34]), others
provide abundant evidence arguing against direct permeation of the
compounds through the channel pores and suggest different path-
ways of channel/receptor stimulated dye uptake. For example, the
phenomenon is known to accompany the agonist dependent
activation of broad spectrum of cation channels including TRP
channels (TRPA1, TRPV1-4, TRPM8 [34,35]) which are characterized
by different biophysical properties including selectivity and channel
pore dimensions. Uptake of different dye types was demonstrated to
have distinct pharmacology and differential sensitivity to extra/
intracellular calcium suggesting multiple dye-permeation pathways
([45,46]). In some cases gap junction channels (e.g. pannexin1) have
been proposed to serve as the dye-permeable pore forming unit of the
receptor (P2X7R)/channel signaling complex ([47,48]). Additionally,
the kinetics of dye accumulation in cell cytoplasm is rather monotonic
and extremely slow with time constants ranging within 16–40 min,and it does not correlate with the kinetic parameters of agonist
dependent activation/inactivation of the channels [34,46]. Thus
receptor/channel dependent dye uptake is a complex phenomenon
that perhaps cannot be easily explained by an agonist evoked
dramatic molecular/supramolecular reorganization that would allow
housing of relatively large organic compounds within channel pores.
Overall our ﬁndings characterize and reﬁne the basic parameters
of hTRPA1 channels, providing further insight into the function of
TRPA1 channels as a component of cellular signaling complexes.
Additionally, the channel parameter estimates obtained in this study
allow prediction of the dimensional limits of low logD compounds
that could permeate the channel and pinpoint cytoplasmic targets
within TRPA1 speciﬁc cells.
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